We investigate the properties of magnetic supracolliodal polymers -magnetic filaments (MFs) -with super-paramagnetic monomers, with and without Van der Waals (VdW) attraction between them. We employ molecular dynamics (MD) simulations to elucidate the impact of crosslinking mechanism on the structural and magnetic response of MFs to an applied external homogeneous magnetic field. We consider two models: plain crosslinking, which results in a flexible backbone; and constrained crosslinking, which provides significant stiffens against bending. We find that for plain crosslinking, even a slight increase of the central attraction leads to collapsed MF conformations. Structures that initially exhibit spherical symmetry evolve into cylindrically symmetric ones, with growing magnetic field strength. Plain crosslinking also allows for conformational bistability. MFs with constrained crosslinking tend to, instead, unravel in field. In both crosslinking scenarios, central attraction is able to hinder low-field magnetic response of MFs, albeit the bistability of plainly crosslinked MFs manifests itself also in the high-field region.
Introduction
The field of soft matter and the idea of smart, soft matter materials has come a long way since magnetic fluids were first synthesised. [1] Such materials, with responsiveness to magnetic fields can be made by combining magnetic micro-and nanoparticles (MNPs) with conventional soft materials, such as fluids or gels. Over the years, this idea has grown into a large number of synthetic soft matter systems. [2, 3, [3] [4] [5] [6] [7] Out of these systems, magnetic filaments (MF), [8, 9] first synthesized as micron-sized magnetic-filled paramagnetic latex beads forming chains, [10, 11] open up a plethora of new potential applications. [12] [13] [14] [15] They have been experimentally investigated for artificial swimmer uses, [16, 17] cellular engineering, [18, 19] and biomimetic cilia designs. [20, 21] Even though synthesis techniques of MFs are nowadays rather diverse and powerful, [9, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] there is no clear recipe how to create a system of polymer-like supracolloidal chains with polymer flexibility, whose magnetic response is provided by monomers -magnetic nanoparticles. Recent advances in programmable DNA-MNP assembly techniques have shown a potential to produce flexible, nanoscale MFs, with a highly controllable micro-structure. [37] [38] [39] [40] [41] [42] [43] As it stands, however, such filaments have not been achieved and as synthesis attempts have suggested, Van der Waals forces, together with the superparamagnetic nature of magnetic colloids, might be of high importance.
Theoretically, MFs have mostly been explored in bulk, [44] [45] [46] [47] [48] [49] [50] [51] and their behaviour when exposed to an external magnetic filed has also been scrutinized. [52] [53] [54] [55] [56] [57] Theoretical work has been done on designs for artificial swimmers, [58] [59] [60] bio-medical applications, [61] [62] [63] , micro-mixers, [64] , as well as designs for cargo capture and transport. [65] Magnetic filaments or fibers in micron-scale are valuable for tuning the effective viscosity of magnetorheological suspensions. [66] To the best of our knowledge, there are currently no comparative studies of nanoscale, super-paramagnetic MFs, where the colloids can also interact via a central attraction, akin to having Van der Waals forces present in the system, while exposed to an external magnetic field. Furthermore, putting the properties of such systems in the context of diverse crosslinking scenarios has not been done as of yet and remains a tantalising question. In this manuscript we employ molecular dynamics (MD) simulations to fill the aforementioned gap in understanding of fundamental properties of magnetic filaments. We make two crosslinking models for super-paramagnetic MFs, which allows us to explore the effects of dipole interactions, magnetisation and central forces in the context of either a rather flexible filament backbone or a backbone that has significant stiffens against bending. We present a comparative analysis of their equilibrium, structural and magnetic properties, in constant, homogeneous magnetic fields.
The paper is structured as follows: in Section 2 we present the details of our coarse-grained modelling approach, magnetic properties of MNPs, magnetic and Van der Waal interactions, modelling of super-paramagnetic MNPs, simulation protocol as well as a description of reduced units. We introduce two distinct crosslinking approaches for super-paramagnetic MFs. We proceed to discuss our Results in Section 3. We present how a choice of crosslinking approach, strength of central attraction and/or the magnetic nature of the colloids, affects the structural and magnetic properties of filaments with super-paramagnetic colloids. In Section 4, we provide a short summary and prospects of our study.
Model and simulation details
We consider MFs as consisting of organised, mono-disperse, magnetic N = 20 monomers, modeled as identical superparamagnetic spherical particles with a characteristic reduced diameter σ = 1 and reduced mass m = 1, carrying point magnetic dipole moments located at their centers, denoted by µ. The length of 20 monomers is a good compromise, where the computational resources necessary for the study are kept reasonable, while MFs remains long enough to reflect polymeric properties. The steric repulsion between the colloids is modelled via the Weeks-Chandler-Andersen (WCA) pair potential [67] :
where U LJ (r) denotes the Lennard-Jones (LJ) potential:
U LJ (r) = 4 (σ/r) 12 − (σ/r) 6 (2) and the value of the cutoff is r cut = 2 1/6 σ. Parameter = 1 defines the depth of the LJ-potential and how the strength of the inter-particle repulsion changes when their center-to-center distance r decreases. As suggested in the introduction, we explore two distinct crosslinking mechanisms between the colloids within a filament, which we will henceforth refer to plan and constrained crosslinking, respectively. By plain crosslinking, it is to be understood that neighbouring colloids of an MF are bonded center-to-center via the FENE potential, given by:
where r f = 2σ and K f = 2.5 are the maximum extension and the rigidity of a FENE bond respectively. Modelling the effects of crosslinking in this way ensures close contact of the colloids without restricting their rotations. Here, the headto-tail arrangement of the dipole moments, will be achieved through the cooperative influence of the magnetic dipole field and the external magnetic field (if applied), exclusively. By constrained crosslinking, it is to be understood that, in addition to the center-to-center FENE potential between the colloids, we add an isotropic bonding pair potential between first-nearest neighbors:
where φ is the angle between the vectors spanning from particle i to its nearest neighbour particle pair (i − 1, i + 1), i ∈ [2, N − 1]. K b = 3.2 is the bending constant, while φ 0 = π is the equilibrium bond angle, both chosen so that out of field end-toend distance between crosslinking models matches as closely as reasonably possible. The expression in Eq. (4) is a harmonic angle dependent potential. In this was we achieve a backbone with significant stiffness against bending.
We account for the non-linear nature of the magnetisation of super-paramagnetic nanoparticles (NPs). In order to do this, accurate calculations of the total field H tot in each point of the system are necessary. The total magnetic field is the sum of H and the dipole field H d where the latter, created by particle j, at position r 0 , is given by:
The dipole moment, µ i , of an i-th super-paramagnetic particle with mass m at a given temperature T , is defined as:
where µ max = | µ max | denotes the modulus of the maximal magnetic moment of the particle, µ max . k B is the Boltzmann constant and L(α) is the Langevin function:
Expression (6) is the generalisation of mean-field approaches, such as the modified mean field approach, [68] with the important distinction that we do not make any assumptions when calculating H tot . This approach is verified by the analytical calculations for super-paramagnetic particle magnetisation. [69] The two main interactions we are interested in, are the longrange magnetic inter-particle interactions and central attraction between the colloids. For the central attraction between the colloids, we use a Lennard-Jones potential as given in Eq.(2) (σ = 1), where we can adjust the strength of the interaction by taking different values of . We account for the long-range magnetic inter-particle interactions by means of the conventional dipole-dipole pair potential:
where µ i and µ j are their respective dipole moments, r i j = r i − r j is the displacement vector connecting their centers and r = r i j .
Because of the fact that we are interested in the competition between the dipole-dipole interaction and the central attraction, we have chosen to set the energy scale to be measured in units of thermal energy, k b T = = 1, which we equate with the energy scale of the inter-colloid repulsion interaction. Even though Van der Waals attraction originates from polarisation of the particle surfaces and has a dipolar nature, this interaction is very short-ranged and effectively central. It only affects the assembly of particles that are approaching close contact. In contrast, non-central magnetic dipole-dipole interaction, described by Eq. (8) is slowly decaying with growing inter-particle distance. As a result, the interplay of strengths and ranges of the two latter interactions makes the structural properties unique and worth investigating. We performed extensive MD simulations in the canonical ensemble for both of our crosslinking models, at different values dimensionless applied filed H, µ max , and . The simulations were done using ESPResSo. [70] Simulation of the background fluid was done using Langevin Dynamics (LD). [71] Long range dipole-dipole interactions were calculated using direct summation. We run a relaxation cycle for 10 7 integration steps, after which we switch on H and start recording data. We use a timestep of 10 −2 during the measurement run. We record instances during 1050000 integration steps, where each recorded instance is separated by 3000 integration's each. All results presented are made based on average of twenty independent initial configuration runs. Importantly, initial orientations of MFs in our simulations are uniformly distributed on a surface of a sphere. We use an iterative magnetisation procedure, described in Eq. (6) . Computationally, after every integration of Eq. (7), we reevaluate H tot , and based the approach we described above, reassign new values of dipole moments to the magnetic colloids in the system.
Results and Discussions
We want to gain insight in to the equilibrium structure of super-paramagnetic filaments, in two distinct crosslinking approaches. As a first measure, we discuss how relative scale of the dipole-dipole interaction and central attraction affects normalised end-to-end distance, R * ee , of a MF subjected to an external magnetic field H. For further reference it should be noted that results which are plotted with hollow symbols correspond to filaments with plain crosslinking, while filled symbols correspond to constrained crosslinking.
As it can be seen in Fig. 1(a) , for plain crosslinking and µ 2 max = | µ max | 2 = 1, R * ee remains mostly flat as H increases, regardless of the strength of central attraction given by . Clearly in this case magnetic interactions are weak and are dominated by entropy. As we increase the depth of the central attraction potential, we reach even more compact states of MFs, as the system attempts to maximize the average number of neighbours for each monomer. For µ 2 max = 3, shown in Fig. 1(b) , we can observe a sudden rise in R * ee in the low field region (H < 1) in otherwise mostly flat profiles, for = 0 and = 0.5. We maintain largely the same profiles as for µ 2 max = 1 for higher strengths of central attraction. Clearly, for µ 2 max = 3, the dipole-dipole interaction is strong enough to overcome entropy, even for H < 1, and for ≤ 0.5, central attraction cannot compete. Therefore, we see MFs unravel in to a state approaching a head-to-tail dipole arrangement of neighboring monomers. Since MFs with plain crosslinking can also bend in an applied magnetic field without any loss of magnetic energy and significant gain of entropy, central attraction will further collapse such a bent conformation in order to maximise the "touching" of monomers. For ≥ 1, central attraction is strong enough to compete with the dipole-dipole interaction. Therefore, for plain crosslinking and µ 2 max = 3, we see hardly any change compared to what we have seen for plainly crosslinked MFs with µ 2 max = 1. The overall shape of these profiles we attribute to the local orientation of the dipole moments along the field direction. For high values of H, MFs with ≤ 0.5 reach a state when its R * ee is approximately 20% lower than that of a straight rod. Otherwise, they remain below 30% of the end-to-end distance of a straight rod.
Once we look at R * ee for MFs with constrained crosslinking, plotted in Figs.1(c) and 1(d), we note that, excluding the case where = 2, the degree of elongation is higher overall, for both values of µ 2 max . For µ 2 max = 1, we attribute the increased elongation of MFs to the increased rigidity of the backbone. The effect is less pronounced however for µ 2 max = 3 because the dipoledipole interaction is dominant. For = 2, central attraction is strong enough to win against the constrained crosslinking, leading to the field dependence of R * ee similar to that found for MFs with plain crosslinking. For µ 2 max = 1, correlations introduced by the constrained crosslinking are enough to make the R * ee for = 0 and = 0.5 indistinguishable for the whole range of H. In this case, an elongation of the MF for = 1 can also be observed.
Generally, the increased correlations between dipole orientations and the MF backbone leads to higher values of R * ee in comparison to the plain model in Fig. 1(b) . Energetically, as we will show below, this seems to be an opportune region for the central attraction to force strange "compromise" configurations on to the dipoles.
So, to summarise, in terms R * ee curves, constrained crosslinking not only increases the overall values of R * ee , but also unveils a complex interplay between magnetic and central attraction forces, which seem to be highlighted for less rigid MFs with µ 2 max = 3 and = 1. None of the MFs studied here stretches to its full length under the influence of H. To further elucidate the structural properties of superparamagnetic MFs with a focus on the joined effect of central attraction, dipole interactions and crosslinking, we consider how does the average number of neighbours, each colloid has, vary as a function of H. This dependence is shown in Fig. 2 . Furthermore, in conjunction with the average number of colloidal neighbours, we can consider the relative shape anisotropy of a MF, κ 2 , as a function of H, as shown in Fig. 3 . The shape anisotropy κ 2 is defined as
where λ x , λ y , λ z are the principal moments of the gyration tensor. The gyration tensor, R ab , is defined as
where r (i) a is the a-th Cartesian coordinate of of i-th particle in in the center-of mass reference frame. This parameter provides a more complete understanding of the R * ee tendencies, we have seen in Fig. 1 .
Looking at average number of colloidal neighbours for µ 2 max = 1 in Figs. 2(a) and 2(c), we see that the strength of external magnetic field H has virtually no significance, regardless of crosslinking. Furthermore, we can stipulate that, with the noted exception of curves for = 0.5 and = 1, the profiles are rather similar for both crosslinking approaches. MFs without central attraction remain in a non-collapsed, albeit rather coiled state, across the applied magnetic field range. On the other hand, for = 2, MF conformations collapse and should resemble structures with spherical symmetry. For = 0.5 and = 1 however, we see a pronounced drop in the average number of colloid neighbours for constrained crosslinking, which together with the increase in R * ee , see Figs. 1(a) and 1(c), suggest that the structures MFs with central attraction of strength = 0.5 and = 1 exhibit more elongated, cylindrically symmetric structures for constrained crosslinking, as compared to plain crosslinking. Based on the number of neighbours is seems that the increased rigidity of the backbone, due to constrained crosslinking, prevents collapsed conformations of MFs, which would be the preferred ones to maximise the impact of central attraction. For filaments with µ 2 max = 3, shown in Figs.2(b) and 2(d), we also see a drop in the average number of neighbours, once H is applied, because for µ 2 max = 3, Zeeman energy is rather significant already for H ≤ 1. The behaviour of the relative shape anisotropy κ 2 , shown in Fig. 3 , confirms what we have suggested from analysing R * ee and average number of nearest neighbours. Increased inter-particle correlation due to constrained crosslinking and/or increase in µ 2 max lead to an increase in κ 2 , which can be explained by elongation of the conformations of MFs in field direction. In other words, initially spherical conformations of MFs, due to the isotropic central attraction, change to cylindrically symmetric structures, due to increased Zeeman coupling and as a consequence, dipole-dipole forces. As a measure of the overall magnetic response of superparamagnetic MFs with and without central attraction, we use the average of the normalised projection of the magnetic moment of a filamentm, on the direction of H, shown in Fig.  4 . The valuem is normalised by Nµ max . For MFs where the monomers are non-interaction, the field dependence of normalisedm should follow Eq. (7), as a function of α = µ max H, previously introduced as the Langevin function. In each sub- figure of Fig. 4 ,m, as estimated by Eq. (7), is shown with a black, solid line. As we saw in Fig. 1 , R * ee for µ 2 max = 1 of MFs is basically independent from H, regardless of . Therefore, in this case the magnetic response of a MF should be equivalent to a response of the same number of non-crosslinked particles, at a given particle density. We substantiate this by plotting m T calculated via modified mean-field theory of the second order (MMFT) [68] , Eq. (11) . MMFT should describe static magnetic properties of relatively concentrated ferrofluids well, assuming that dipole forces do not lead to formation of clusters. [72] In the framework of MMFT, the magnetisation of a monodisperse system has the form:
Here, ρ * is the number density of MNPs. We assume that, for a given value of H, all N = 20 MNPs are located within a volume V = 4πR 3 g /3, so that ρ = N/V. Reduced magnetisation, m T , calculated via MMFT is given by a solid gray line in each subfigure of Fig. 4 .
For plainly crosslinked MFs and µ 2 max = 1, as can be seen on Fig. 4(a) , the contribution of the dipole field to the magnetisation of super-paramagnetic NPs is significant enough that the actualm is underestimated by the Langevin prediction. The results of Eq. (11), however, do describem well. This means that under these conditions, the crosslinking does not affect the magnetic response of the individual particles. Across the range of we have, for plain crosslinking and µ 2 max = 1, we see very little influence of the central attraction onm. Curves for = 0 and = 0.5 are indistinguishable, while we can notice only a slight drop inm, as we increase the strength of central attraction to = 1 and = 2. Once we move to constrained crosslinking for µ 2 max = 1, shown in Fig. 4(c) , the effects of central attraction become more pronounced. Firstly, we can note that m is well above MMFT predictions. Furthermore constrained crosslinking clearly enhancesm, especially in the H ≤ 1 region. Inter-particle correlations introduced by the crosslinking enhance the magnetic response of super-paramagnetic MFs, where for values of ≤ 1, we cannot distinguish one from another. For = 2 however, we see the central attraction makem very close to what would be predicted by MMFT, as it tries to make chain conformations collapse, minimizing the steric part of the energy, but hindering the orientations of the dipole moments. For µ 2 max = 3, we see a rather predictable increase inm for constrained crosslinking and ≤ 1, shown in Fig. 4(d) . For stronger central attraction ( = 2), we can clearly see the interplay between the dipole-dipole interaction and central forces, asm has a distinct dip in the 0.1 ≤ H ≤ 1 region. For plain crosslinking and µ 2 max = 3, magnetisation curves for = 0 and = 0.5 behave similarly to their counterparts for MFs with constrained crosslinking, albeit the overallm is slightly lower. The dip in magnetisation that we found for constrained crosslinking is also present for plain crosslinking, however it is much more pronounced. Central attraction clearly dominates the behaviour due to the inter-particle correlations introduced by plain crosslinking. Nonetheless, as Zeeman energy increases with growing H, dipole-dipole interaction prevails, which is consistent with what we have seen before. However,m curve for = 1, is found to be significantly below the curves for all other , even in the high field region. Surprisingly even MMFT predicts a higherm. In the region where H ≤ 1, it is expected that the central attraction will compete with the dipole-dipole interaction, and, as we have seen before, lead to a lower netm. But this being the case for H ≥ 4 is rather unexpected. Given that we use averages in 20 independent initial configurations, we decided to inspect how do them curves, as shown on Fig. 4(b) look for each of the separate initial configuration runs. Upon inspection, we recognised that there are in fact two distinctm profiles occurring in the case of plain crosslinking for µ 2 max = 3 and = 1: one is following the curve for = 0.5 and is met in approximately 20% of realisations, whereas the other curve has a very pronounced dip and is realised in the rest 80% of the realisations.
As long as we observed two types of magnetisation, we decided to take a closer look at filament conformations corresponding to the two regimes and present them in Fig. 5 . Here, the less frequent configuration is shown in Fig. 5(a) and the more frequent one -in Fig. 5(b) .
In order to explain the origins of the two conformations, we calculated the total energy per particle for plain crosslinking and plotted this on two histograms in Fig. 6 . Here, the total energy is the sum of Van der Waals, dipolar, Zeeman and elastic terms. As it can be seen in Fig. 6(b) , all but one configurations have a rather pronounced peak, corresponding to a welldefined energy minimum. The only bimodal energy distribution is found for plainly crosslinked filaments with µ 2 max = 3, = 1. For the configurations which result in lower total energy, and occur less frequently, shown in Fig. 5(a) , the dipolar energy is minimised, while the LJ-contribution is not optimised sufficiently. The configurations which lead to a higher total energy, and which occur more frequently, shown in Fig. 5(b) , have the LJ-energy term minimised, while the dipolar term appears to be higher. All the other energies remain comparable. The difference in probability of occurrence can be attributed to the higher entropy of the states characterised by lower LJ-energy.
Clearly, much work remains to be done to understand this finding, but we are tempted to speculate, that with these parameters, we might be in the vicinity of a critical point for a vapor-liquid transition, inherent to Stockmayer fluids. Stockmayer particles experience a short-range, isotropic attraction in addition to dipolar forces. It is a well known fact that Stockmayer fluids undergo a vapour-liquid phase transition on cooling and concentration increase. [73] [74] [75] [76] [77] [78] Even though we are dealing with super-paramagnetic particles, and the direct comparison of the parameter space is not possible, indications of a critical point are present. It is worth mentioning, that the suspension of Stockmayer MFs with ferromagnetic particles does phase separate. [78, 79] 
Conclusions
In this manuscript we employed MD simulations to investigate the interplay between competing magnetic and steric interactions on the conformations of a single magnetic filament with super-paramagnetic monomers. We studied two different crosslinking mechanisms: in one case, referred to throughout this manuscript as plain crosslinking, the filament in zero applied magnetic field corresponded to a freely-joint polymer chain; in the other, so-called constrained crosslinking case, additionally to the connections between monomer centres, we introduced a bending penalty, thus modelling the backbone rigidity. In our simulations, super-paramagnetism of magnetic colloids was accounted for in a fully accurate, nonlinear manner. We studied MFs with two distinct values of colloid magnetic saturation: dipolar interactions between weakly magnetic monomers in the saturation field are comparable to thermal fluctuations; for monomers with high saturation magnetisation, dipolar strength could exceed thermal fluctuations by the factor of three. For both strongly and weakly magnetic monomers we considered the influence of central attraction, ranging between 0 and 2k B T . Magnetic field strength was chosen so that the complete range between the initial response and saturation was sampled for all types of MFs.
We find that for plain crosslinking even a slight increase of the central attraction leads to collapsed conformations for filaments and straightening field-dipole and dipole-dipole interactions, instead of unraveling the filament, optimise internal magnetisation to keep the maximum possible number of monomermonomer contacts. As a result, with growing magnetic field, spherical symmetry of collapsed filament conformations transitions into cylindrical symmetry with the main axis aligned with the applied field. Even in the absence of central attraction, plainly crosslinked filaments never exhibit rod-like conformations. The magnetisation of plainly crosslinked filaments with weakly magnetic colloids can be described with the modified field theory, independently from the values of central attraction. In contrast, for filaments with strongly magnetic colloids, increasing central attraction results in significant hindrance of the magnetisation in low and intermediate fields. Interestingly, we find that plain crosslinking is able to introduce bistability of filament conformations for a certain ratio between dipolar and steric forces. For this narrow range of parameters, we observe two distinct conformations of filaments with well separated, distinct energies and entropy profiles. This might be an indication of a critical point, similarly to the case of Stockmayer filaments with ferromagnetic colloids.
Behavior of filaments can be altered significantly by changing the crosslinking mechanism. In fact, additional directional correlations between colloids lead to more linear conformations and much stronger response to applied fields: both on a structural level and in terms of magnetisation. However, even in this case, MFs assume rod-like conformations only if the central attraction is weak enough. In fact, they tend to form structures in which each monomer has three neighbours, ever more so, as Van der Waals forces grow.
All this suggests that super-paramagnetic particles inside MFs behave similarly to ferromagnetic particles in Stockmayer fluids, in which, for the same range of parameters, compact droplet-like structures form. These structures deform into needles in strong applied fields, due to a vapour-liquid phase transition. However, the transition point in MFs with superparamagnetic particles strongly depends on the colloids saturation magnetisation, applied magnetic field and crosslinking mechanism.
Currently, we are working on gaining a deeper insight into the phase behaviour of MFs of different length, with superparamagnetic colloids and are investigating possibilities to control it by external mechanical, rheological and magnetic stimuli.
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